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Chi-Wen Chen1*, Hitoshi Saito2,3 and Takashi Oguchi1,3Abstract
Mass movements caused by rainfall events in Taiwan are analyzed during a 7-year period from 2006 to 2012. Data from
the Taiwan Soil and Water Conservation Bureau reports were compiled for 263 mass movement events, including 156
landslides, 91 debris flows, and 16 events with both landslides and debris flows. Rainfall totals for each site location were
obtained from interpolated rain gauge data. The rainfall intensity–duration (I–D) relationship was examined to establish a
rainfall threshold for mass movements using random sampling: I = 18.10(±2.67)D−0.17(±0.04), where I is mean rainfall intensity
(mm/h) and D is the time (h) between the beginning of a rainfall event and the resulting mass movement. Significant
differences were found between rainfall intensities and thresholds for landslides and debris flows. For short-duration rainfall
events, higher mean rainfall intensities were required to trigger debris flows. In contrast, for long-duration rainfall events,
similar mean rainfall intensities triggered both landslides and debris flows. Mean rainfall intensity was rescaled by
mean annual precipitation (MAP) to define a new threshold: IMAP = 0.0060(±0.0009)D
−0.17(±0.04), where IMAP is
rescaled rainfall intensity and MAP is the minimum for mountainous areas in Taiwan (3000 mm). Although the I–D
threshold for Taiwan is high, the IMAP–D threshold for Taiwan tends to be low relative to other areas around the
world. Our results indicate that Taiwan is highly prone to rainfall-induced mass movements. This study also shows
that most mass movements occur in high rainfall-intensity periods, but some events occur before or after the
rainfall peak. Both antecedent and peak rainfall play important roles in triggering landslides, whereas debris flow
occurrence is more related to peak rainfall than antecedent rainfall.
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Mass movements such as landslides and debris flows are
common natural hazards in mountainous areas (Aleotti
and Chowdhury 1999; Guzzetti et al. 1999; Dai et al. 2002;
Dou et al. 2014). These hazards not only cause consider-
able loss of property and life but also ecological and envir-
onmental problems such as increased soil erosion and
sediment discharge (Hovius et al. 1997; Claessens et al.
2007). Mass movements, especially shallow landslides and
debris flows, are often triggered by heavy rainfall. There-
fore, many studies have investigated rainfall thresholds for
the initiation of mass movements across the globe using
both physical and empirical models. Although the simpli-
city of the empirical approach neglects important hydro-
logical controls, it offers a straightforward means for* Correspondence: kevin4919@gmail.com
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provided the original work is properly creditedissuing regional-scale mass movement warnings based
solely on rainfall data.
In order to derive empirical critical thresholds for mass
movements, many mass movement studies have focused
on rainfall parameters such as rainfall intensity, duration,
cumulative rainfall, and antecedent rainfall (see Guzzetti
et al. 2007, 2008 for detailed reviews). Among these, the
relationship between rainfall intensity (I) and duration (D)
is most commonly used to estimate rainfall thresholds
(e.g., Caine 1980; Guzzetti et al. 2007, 2008; Brunetti et al.
2010; Saito et al. 2010a, 2014). Several studies have also
found that peak rainfall intensity and the initiation of mass
movements are often concurrent (Aleotti 2004; Chien-Yuan
et al. 2005; Guzzetti et al. 2007, 2008; Dahal and Hasegawa
2008; Saito et al. 2010a, 2010b). Although antecedent rainfall
also plays an important role in the initiation of mass move-
ment (Kim et al. 1992; Glade 1997; Crozier 1999; Glade
et al. 2000; Guzzetti et al. 2007, 2008; Dahal and Hasegawa
2008), intensity–duration (I–D) thresholds and/or the peakle distributed under the terms of the Creative Commons Attribution License
hich permits unrestricted use, distribution, and reproduction in any medium,
.
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and warn the appropriate authorities of potential mass
movement hazards (Onodera et al. 1974; Keefer et al. 1987;
Aleotti 2004; Hong et al. 2005; Cannon et al. 2008; Coe
et al. 2008; Dahal and Hasegawa 2008; Guzzetti et al. 2008).
Taiwan is extremely susceptible to mass movements be-
cause of steep mountainous topography and frequent
heavy rainfall and earthquakes. Thus, many studies have
focused on understanding the underlying triggers of mass
movements in Taiwan. For example, Chang and Chiang
(2009) combined slope stability and statistical models to
establish a landslide probability model based on geograph-
ical and hydrological data for landslides triggered by ty-
phoon events. Lin and Chen (2012) used a rainfall kinetic
energy conversion formula and rainfall intensity data from
typhoon events between 1994 and 2008 to determine the
landslide rainfall threshold for mountainous areas in cen-
tral Taiwan (2000 J/m2). They then used rainfall, sediment
discharge, and flow discharge data from another typhoon
event to validate this threshold as a predictor of landslides
and resultant sediment discharge. In addition, Jan and
Chen (2005) examined the I–D thresholds of debris flows
before and after the 1999 Chi-Chi earthquake for the Che-
nyoulan River catchment in central Taiwan. They used the
debris flows caused by Typhoon Herb in 1996 for the I–D
threshold before the Chi-Chi earthquake and the debris
flows caused by Typhoon Toraji and Nari in 2001 for the
I–D threshold after the Chi-Chi earthquake. They found
that the I–D threshold decreased after the Chi-Chi
earthquake.
Although Taiwanese mass movement events have been
widely investigated, studies have typically examined spe-
cific events or locations. Surprisingly, few studies have
explored rainfall conditions associated with mass move-
ments in Taiwan as a whole. Although Chien-Yuan et al.
(2005) investigated the I–D threshold of debris flows in
Taiwan, their data were generally sourced from specific
areas in northern and central Taiwan and only spanned
the time period from 1989 to 2001, thus excluding more
recent data. Since mass movements are densely distrib-
uted throughout Taiwan, it is important to develop a
general relationship between the initiation of mass
movements and rainfall conditions. Therefore, the objec-
tives of this study are to analyze the mean intensity, peak
intensity, and duration of rainfall associated with mass
movements across Taiwan and to establish the I–D
threshold using recent data.
Study area
Taiwan is located on a convergent plate boundary between
the Eurasian Continental and the Philippine Sea plates,
with the Philippine Sea plate moving towards the Eurasian
Continental plate at a rate of 80 mm/year (Yu et al. 1997).
The subduction of the Philippine Sea plate beneath theEurasian Continental plate has resulted in the formation of
an active mountain belt with over 200 peaks higher than
3000 m a.s.l. (Ho 1986; Teng 1990) and is responsible for
frequent large earthquakes and an orogenic uplift rate of
about 5–7 mm/year (Li 1976; Willett et al. 2003). The geo-
logical map provided by the Central Geological Survey of
Taiwan (Ho 1988) illustrates the seven major geological
zones of Taiwan (Fig. 1). Tertiary marine sedimentary rocks
mainly underlie the western region and part of the north-
eastern coastal region. Central Taiwan is composed of meta-
morphic rocks. The pre-Tertiary metamorphic complex is
exposed mainly in the eastern Central Range, while the
majority of the western Central Range consists of Tertiary
indurated metamorphosed argillaceous sedimentary
rocks (Ho 1988). The eastern coastal region is underlain
by volcanic-arc sediments, orogenic sediments, and a
subduction-collision complex formed in the Pliocene
to Pleistocene. Northern Taiwan consists mainly of
agglomerates-masses of igneous rock fragments, and, fi-
nally, lowlands such as alluvial fans are mostly com-
posed of Quaternary sediments.
Taiwan is located between 120°E and 122°E and be-
tween 22°N and 25°N. According to the elevation histo-
gram derived from a 10 m digital terrain model of
Taiwan, about 68 % of the country lies below 1000 m
above sea level. The slope of mountainous areas is
mostly between 30° and 50° (Fig. 1). Taiwan experiences
tropical and subtropical-monsoon climates, with the
boundary between the two climate regimes located in
southern Taiwan (Wang and Ho 2002). The average
temperature over the Taiwanese lowlands during the wet
season (May–October) is above 20 °C, while the average
temperature during the dry season (November–April) is
between 14 and 20 °C. In the mountain regions of cen-
tral and southern Taiwan, the average temperature is
lower than in other regions of the country.
On average, four typhoons strike Taiwan every year (Wu
and Kuo 1999), causing heavy and concentrated rainfall.
Average annual rainfall over Taiwan is 2500 mm, but
annual rainfall in mountainous regions can surpass
3000 mm (Shieh 2000). Approximately 60–80 % of rainfall
falls during the wet season (Fig. 2). Heavy rainfall and the
steep topography of Taiwan have contributed to an ero-
sion rate of 3–7 mm/year (Dadson et al. 2003). Landslides
and debris flows represent the primary mechanisms for
this erosion and are important for maintaining a balance
between erosion and uplift (Dadson et al. 2003).
Taiwan is characterized by a fragile geological environ-
ment, and areas that display a high density of geological dis-
continuity are more prone to mass movements (Chen et al.
1999; Chen and Su 2001; Chuang et al. 2009). Interestingly,
the number and magnitude of rainfall-induced mass move-
ments increased after the 1999 Chi-Chi earthquake because
slopes became more vulnerable (Chang and Slaymaker
Fig. 1 a Location, geology, b elevation, and c slope of Taiwan. I Pleistocene basalt, II Quaternary alluvial deposit, III Neocene clastic rock, IV
Tertiary sub-metamorphic rock (a argillite and slate; b slate and phyllite), V Pre-Tertiary metamorphic complex (a schist, marble, and granite;, b
schist and serpentine), VI plate suture belt, VII Neogene volcanic rock
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both the maximum rainfall intensity and critical cumulative
rainfall required to trigger mass movements (Lin et al. 2003;
Chang et al. 2009; Shieh et al. 2009; Chen 2011).
Methods
Mass movement data
A total of 263 mass movements caused by rainfall events
were analyzed during the 7-year period from 2006 to 2012
(Fig. 3). Mass movement data were compiled from the Soil
and Water Conservation Bureau (SWCB) of Taiwan reports
for 156 landslides, 91 debris flows, and 16 events with both
landslides and debris flows (http://117.56.222.245/disaster-
Info/ImpDisasterReport.aspx). The 16 events that included
both types of mass movement were initiated as landslides,
but these were subsequently completely or partially mobi-
lized to form debris flows during the same rainfall event.
Over the study period, mass movements across Taiwan oc-
curred only during the wet season, with 1 in May, 26 in
June, 33 in July, 141 in August, 24 in September, and 38 in
October (Fig. 3).To prevent secondary disasters and enable quick re-
covery, SWCB has conducted detailed field surveys after
rainfall-induced mass movements that cause damage to
houses and roads. The resultant reports contain infor-
mation on the type, location, and approximate time (to
the closest hour) of each event. The time of the event is
estimated from real-time videos taken at observation
stations, the time people informed authorities of the dis-
aster, and interviews with residents. The field surveys in-
clude investigations of the extent of affected areas and
the damage caused to residences and infrastructures.
These reports classify disasters into three types: land-
slides, debris flows, and floods. As landslides and debris
flows are characterized by different processes, they are
separated in the analysis to help identify the triggers as-
sociated with each type of failure. Only a few cases of
gravity-driven falls or topples were reported, and all such
events occurred during a dry period with almost no rain-
fall. Therefore, we carefully checked all reports (n = 292)
and excluded events not caused by rainfall (almost no
rainfall during mass movements).
Fig. 2 Average monthly temperature (curved lines) and rainfall (bars) in different regions of Taiwan (averaged from 1981 to 2010). North Taipei, Keelung,
Taoyuan, Hsinchu, and Miaoli; Central Taichung, Changhua, Nantou, and Yunlin; South Chiayi, Tainan, Kaohsiung, and Pingtung; East Ilan, Hualien, and Taitung
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there is currently no complete inventory that can provide
detailed information about these events. As SWCB data
have a relatively high level of integrity and consistency, it
is the best source of information to compile an inventory
and analyze the relationships between mass movements
and rainfall conditions in Taiwan.
Rainfall data
Taiwan’s Central Weather Bureau has installed more
than 400 rain gauges to record hourly data with a dens-
ity of approximately one gauge every 76 km2 (Fig. 3).
Since rain gauges are not always located close to mass
movement sites, we selected the nearest five rain gauges
for each mass movement and conducted a kriging
interpolation to estimate rainfall at each mass movement
location. This technique uses ordinary kriging and a
spherical semivariogram model with a variable search ra-
dius to estimate hourly rainfall data at each site over the
duration of a rainfall event. A continuous rainfall event
is considered to begin when hourly rainfall surpasses
4 mm and ends when hourly rainfall decreases below
4 mm over the next six consecutive hours (e.g., Chang
et al. 2011).
We calculated the mean rainfall intensity (I, mm/h),
rainfall duration (D, h), and peak rainfall intensity (mm/h)
from the beginning of each rainfall event to the time of
mass movement occurrence. Some previous studies have
used 1 week of antecedent rainfall for analyzing the ante-
cedent soil moisture and found that it is an importantfactor for triggering landslides (Crosta 1998; Jakob 2006).
Therefore, we also examined rainfall totals for 168 h
(1 week) before the beginning of rainfall events that trig-
gered mass movement events.
I–D thresholds
The I–D threshold for mass movements is identified on
an I–D plot as the minimum rainfall total for which a
mass movement could occur (e.g., Guzzetti et al. 2007). In
early years, the lower rainfall boundary (threshold) was
determined manually (e.g., Caine 1980; Larsen and Simon
1993; Chien-Yuan et al. 2005). However, more recently,
mathematical and/or statistical criteria have been used to
objectively determine the lower boundary. Guzzetti et al.
(2007) were the first to propose the Bayesian inference
method for determining I–D thresholds; Brunetti et al.
(2010) proposed a frequentist approach; and Saito et al.
(2010a) adopted the quantile-regression method.
Although many different methods have been proposed,
the general form of the relationship between rainfall in-
tensity and duration is:
I ¼ αD−β ð1Þ
where α is a scaling constant (intercept), and β is the
shape parameter (slope).
Like all landslide inventories, data analyzed in this study
contain inherent uncertainties, including measurement er-
rors, erosional or geographical censoring, and reporting
biases (Kirschbaum et al. 2012; Korup et al. 2012; Petley
Fig. 3 Distribution of rain gauges and mass movements that occurred between 2006 and 2012
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quentist statistical method and the random sampling
method, which are statistically robust approaches. Brunetti
et al. (2010) suggested the frequentist statistical method
for the definition of objective empirical-rainfall thresholds.
Following this method, the standard I–D threshold was
defined as 5 %. We also used the robust random sampling
method due to its resistance to errors and outliers. To es-
tablish the threshold equation, two-thirds of the data were
randomly sampled, and this was repeated 100 times,
allowing us to calculate the mean and standard deviation
of α and β in Eq. (1).
Regional I–D thresholds are limited by their specificity to
a certain region. They cannot be easily applied to other
areas because topographic, lithological, meteorological, and
climatological characteristics may vary between regions
(Jakob and Weatherly 2003; Guzzetti et al. 2007, 2008). Forexample, limited surface vegetation and the accumula-
tion of regolith on slopes during long dry periods allow
a relatively short and weak rainfall event to initiate mass
movements in arid areas. Therefore, rainfall intensity (I)
was divided by mean annual precipitation (MAP)
(Aleotti 2004; Guzzetti et al. 2007, 2008; Dahal and
Hasegawa 2008; Saito et al. 2010a) to offset regional ef-
fects and obtain comparable rainfall thresholds for dif-
ferent areas. The relationship between rescaled rainfall
intensity (IMAP) and rainfall duration (IMAP–D condi-
tion) was analyzed using the same procedure described
for raw values.
The MAP of mountainous areas in Taiwan is greater
than 3000 mm but varies spatially (Shieh 2000). There-
fore, for mountainous regions, IMAP is conservatively
estimated by dividing I by 3000 mm. The I–D and
IMAP–D thresholds for Taiwan were then compared with
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et al. (2010a).
Time between mass movements and peak rainfall
intensity
To account for the effect of temporal rainfall intensity
variations on mass movements, we calculated the time
difference (Td) between mass movements and peak rain-
fall intensity (maximum hourly rainfall) as follows:
Td ¼ time of a mass movement – time of peak rainfall intensity:
ð2Þ
Positive Td values indicate that mass movements oc-
curred after peak rainfall intensity, and negative Td
values indicate that mass movements occurred before
peak rainfall intensity.
Results
Rainfall conditions and I–D thresholds
Mean rainfall intensity for all mass movements ranged
from 8.9 to 64.8 mm/h with an average of 21.7 mm/h,
and rainfall duration ranged between 2 and 71 h with an
average of 33.2 h. Cumulative rainfall was as low as
60.3 mm and as high as 1916.5 mm with an average of
668.8 mm. Antecedent rainfall was between 1.8 and
707.7 mm with an average of 124.9 mm (Table 1). The
I–D correlation (Fig. 4) shows that an increase in rainfall
duration results in a reduction in the rainfall intensity
required to trigger a mass movement.
Average rainfall intensity, duration, cumulative rainfall,
and antecedent rainfall for debris flows were 23.2 mm/h,
33.5 h, 692.6 mm, and 101.1 mm, respectively, and those
for landslides were 20.7 mm/h, 32.5 h, 652.4 mm, and
142.2 mm, respectively (Table 1). A t-test and resultant
p-values indicate that mean rainfall intensity and ante-
cedent rainfall are significantly different for landslides
and debris flows (Table 1). Figure 4 also shows that theTable 1 Rainfall conditions
Rainfall
conditions
Mean intensity (mm/h) Duration (h)
Mass movements Mass movements
Landslides Debris flows Landslides Debris flo
Average 21.7 33.2
20.7 23.2 32.5 33.5
p < 0.05 p > 0.05
Max. 64.8 71.0
64.8 58.8 71.0 68.0
Min. 8.9 2.0
8.9 9.9 2.0 2.0I–D regression line for debris flows is higher than the I–
D regression line for landslides.
Figure 5 shows the time difference (Td) between mass
movements and peak rainfall intensity. Approximately
16 % of mass movements occurred very close to the time
of peak rainfall intensity (within ±30 min), and most
mass movements (75 %) occurred within 7 h of peak
rainfall intensity.
As previously stated, we utilized the frequentist
method with random sampling to delineate the I–D
thresholds for all mass movements, landslides only, and
debris flows only (Fig. 4). The resultant equations for
these three conditions are as follows:
I ¼ 18:10 2:67ð ÞD−0:17 0:04ð Þ 2 ≤D≤ 71 h; all mass movementsð Þ;
ð3Þ
I ¼ 13:25 2:76ð ÞD−0:08 0:06ð Þ 2 ≤D≤ 71 h; landslides onlyð Þ; and
ð4Þ
I ¼ 26:92 6:67ð ÞD−0:26 0:07ð Þ 2 ≤D≤ 68 h; debris flows onlyð Þ:
ð5Þ
The equation for all mass movements (Eq. 3) indicates
that short-duration (e.g., <2 h) and high-intensity (e.g.,
>16.1 mm/h) rainfall events can potentially trigger mass
movements. However, long-duration (e.g., >71 h) and
low-intensity (e.g., <8.8 mm/h) rainfall events may also
trigger mass movements. Figure 6 shows I–D thresholds
for Taiwan and other global areas from Saito et al.
(2010a). This shows that the I–D threshold for Taiwan is
generally higher than that of other areas.
IMAP–D thresholds
Figure 7 shows the IMAP–D thresholds for Taiwan. The
new thresholds for all mass movements, landslides only,Cumulative rainfall (mm) Antecedent rainfall (mm)
Mass movements Mass movements
ws Landslides Debris flows Landslides Debris flows
668.8 124.9
652.4 692.6 142.2 101.1
p > 0.05 p < 0.05
1916.5 707.7
1733.5 1916.5 707.3 707.7
60.3 1.8
60.3 64.0 1.8 3.5
Fig. 4 I–D correlations and thresholds for all mass movements, landslides only, and debris flows only
Fig. 5 Time difference between mass movement occurrence and peak rainfall intensity
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Fig. 6 Comparison of I–D thresholds. Green lines thresholds for Taiwan. Blue lines thresholds for Japan. Black lines global thresholds. Gray lines
thresholds for humid (sub)tropics or Asian monsoon regions. Dashed line other regional thresholds. 1-1 Chien-Yuan et al. (2005); 1–2 and 1–3 Jan
and Chen (2005); 2–1 and 3–2 Jibson (1989); 2–2 Hong et al. (2005); 2–3 Saito et al. (2010a); 3–1 Caine (1980); 3–3, 3–4, and 3–5 Guzzetti et al.
(2008); 4–1 and 4–2 Guzzetti et al. (2008), Cfa climate of humid subtropical east coast in Köppen’s system; 4–3 Larsen and Simon (1993), Puerto
Rico; 4–4 Dahal and Hasegawa (2008), Nepal Himalaya; 5 Cannon et al. (2008), Southern California
Fig. 7 IMAP–D thresholds for all mass movements, landslides only, and debris flows only
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equations:
IMAP ¼ 0:0060 0:0009ð ÞD−0:17 0:04ð Þ 2 ≤D≤ 71 h; allmass movementsð Þ;
ð6Þ
IMAP ¼ 0:0044 0:0009ð ÞD−0:08 0:06ð Þ 2 ≤D≤ 71 h; landslides onlyð Þ; and
ð7Þ
IMAP ¼ 0:0090 0:0022ð ÞD−0:26 0:07ð Þ 2 ≤D≤ 68 h; debris flows onlyð Þ:
ð8Þ
Figure 8 shows the IMAP–D threshold for mass move-
ments in Taiwan alongside data from Saito et al. (2010a).
After rescaling, the IMAP–D threshold for Taiwan is gen-
erally lower than that of other areas (Fig. 8).
Differences in thresholds for landslides and debris flows
I–D and IMAP–D thresholds for landslides and debris
flows show that debris flows tend to occur during more
severe (high intensity) rainfall conditions than landslides.
In addition, t-tests show that the α and β of I–D and
IMAP–D thresholds for landslides (Eqs. 4 and 6) and deb-
ris flows (Eqs. 5 and 7) are statistically different at the
5 % significance level. However, Figs. 4 and 7 also dem-
onstrate that the I–D correlations and thresholds forFig. 8 Comparison of IMAP–D thresholds. Blue lines thresholds for Japan. Bla
or Asian monsoon regions. Dashed lines other regional thresholds. 2-1 and
et al. (2008); 4–4 Dahal and Hasegawa (2008), Nepal Himalaya; 4–5 Guzzetti
Francisco; 7 Bacchini and Zannoni (2003), Cancia, Dolomites, Italy; 8 and 9 A
Southern Europelandslides and debris flows become closer as D in-
creases, and their difference becomes negligible once D
reaches approximately 50 h.
Discussion
I–D and IMAP–D conditions and thresholds for landslides
and debris flows
The difference in I–D and IMAP–D thresholds between
landslides and debris flows, as well as data in Table 1, indi-
cate that a higher mean rainfall intensity is required to
flush surface materials and cause a debris flow for short-
duration rainfall events. We rule out reporting biases from
our mass movement inventory based on unaltered trends
obtained using the frequentist statistical and random sam-
pling methods. Our results reflect the fact that high water
levels in channels and streams are required to trigger a
debris flow. A long-duration rainfall event leads to a grad-
ual increase in groundwater level, soil moisture, and pore
water pressure (Wieczorek and Glade 2005), and this leads
to the concurrent increase in surface flow in channels and
streams. Therefore, similar rainfall intensity levels can
trigger both landslides and debris flows if rainfall duration
is sufficiently long. In addition, landslides may completely
or partially mobilize to form debris flows (Iverson et al.
1997), as was the case in the 16 events in which a land-
slide and debris flow both occurred (Figs. 4 and 7).ck lines global thresholds. Gray lines thresholds for humid (sub)tropics
3–2 Jibson (1989); 2–3 Saito et al. (2010a); 3–3, 3–4, and 3–5: Guzzetti
et al. (2007), mild mid-latitude climates; 6 Cannon (1988), San
leotti (2004), Piedmont, Italy; 10 Guzzetti et al. (2007), Central and
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those of other areas
Jan and Chen (2005) established thresholds for debris
flows in the Chenyoulan river catchment in central
Taiwan before and after the 1999 Chi-Chi earthquake.
The threshold determined in this study for the whole of
Taiwan is similar to the threshold for the Chenyoulan
river catchment before the Chi-Chi earthquake (1–2 in
Fig. 6), lower than the threshold for Taiwan from 1989
to 2001 (1–1 in Fig. 6), and higher than the threshold
for the Chenyoulan river catchment just after the Chi-
Chi earthquake (1–3 in Fig. 6). These results suggest
that the rainfall threshold for mass movements in
Taiwan decreased in 1999 when the Chi-Chi earthquake
generated an enormous quantity of loose material, which
resulted in a rapid decrease of the mass movement rain-
fall threshold for this region. Our results indicate that
the threshold recovered to pre-earthquake values during
2006–2012. Many previous studies reported similar de-
creases in both the maximum rainfall intensity and crit-
ical cumulative rainfall required to trigger mass
movements after the Chi-Chi earthquake. As observed
in this study, these values gradually returned to pre-
earthquake conditions after several years (Lin et al. 2003;
Chang et al. 2009; Shieh et al. 2009; Chen 2011).
The slope of the rainfall threshold line for debris flows
determined in this study is similar to the value calcu-
lated by Jan and Chen (2005) but quite different from
the I–D threshold value reported in Chien-Yuan et al.
(2005). The later study utilized data from 61 debris flows
between 1989 and 2001, obtained from newspapers and
interviews with local residents, and the I–D threshold
was determined visually rather than statistically. The dif-
ferences in threshold line slope between our study and
Chien-Yuan et al. (2005) are likely attributable to their
relatively small sample size and subjective method for
establishing I–D thresholds. Comparatively, we deter-
mined the I–D threshold using 107 debris flow events
and employed statistical methods to ensure the validity
of our results. Nevertheless, our study along with results
from Chien-Yuan et al. (2005) and Jan and Chen (2005)
all show debris flow thresholds larger than landslide
thresholds.
Comparing our I–D thresholds with those from other
areas of the world shows that the I–D threshold for
Taiwan is relatively high, particularly for long-duration
rainfall events (Fig. 6). As Taiwan is characterized by
high-relief topography and complex geology (Fig. 1),
both of which facilitate mass movements, this observa-
tion seems contradictory. In Taiwan, high cumulative
precipitation amounts and frequent heavy storms, par-
ticularly those associated with typhoons (Wu and Kuo
1999), have created landforms that are well adjusted to
the extreme climatic conditions of the region. Therefore,since unconsolidated hillslope materials are limited,
strong rainfall is needed to trigger mass movements.
Several studies on mass movements in Japan also
found that hillslopes in regions with high cumulative
precipitation displayed greater resistance to rainfall than
hillslopes in regions with low cumulative precipitation
(Omura 1980, 1982). Saito and Matsuyama (2012) con-
firmed this for Japan using MAP data. They found that
because the MAP is extremely high in the eastern part
of the Kii Peninsula, Japan, it is not prone to landslides
even with the high cumulative rainfall and maximum
hourly rainfall intensity due to typhoon events. The re-
sistance of the landscape in Taiwan to mass movements
therefore explains the higher I–D threshold relative to
other areas of the world. In addition, the gentle slope of
the threshold in Taiwan suggests that rainfall intensity
plays a much more important role in triggering mass
movements, This observation further confirms the above
statement that landforms are well adjusted to the ex-
treme climatic conditions.
As indicated above, the IMAP–D threshold is useful for
eliminating biases caused by variable rainfall conditions.
Even though we used a relatively conservative MAP value
of 3000 mm to rescale the data, the IMAP–D threshold for
Taiwan was generally lower than in other areas. Therefore,
the steep topography and highly deformed underlying
bedrock of Taiwan likely contribute to frequent mass
movements in the region. In summary, analysis of both I–
D and IMAP–D thresholds is useful for examining the ef-
fects of topography, geology, and hillslope adjustment to
rainfall conditions on mass movements.Mass movements in relation to rainfall peaks and
antecedent rainfall
I–D plots represent average rainfall event conditions and
do not necessarily reflect high rainfall intensities at the time
of mass movement occurrence. Therefore, it is difficult to
predict the exact time of a mass movement using only I–D
thresholds. Many studies have found that peak rainfall in-
tensity occurs very close to the time of mass movement
occurrence (Aleotti 2004; Chien-Yuan et al. 2005; Guzzetti
et al. 2007, 2008; Dahal and Hasegawa 2008; Saito et al.
2010a, 2010b). Thus, analyzing peak rainfall intensity in
conjunction with I–D thresholds is useful for characterizing
mass movements.
Most mass movement occurrences investigated were
concentrated around the time of peak rainfall intensity; ap-
proximately 75 % of mass movements occurred within 7 h
of peak rainfall (Fig. 5). To focus on the remaining 25 % of
mass movements that occurred more than 7 h before or
after peak rainfall, we classified mass movements into three
groups: Td < −7 (group 1 =G1),Td = −7 to 7 (G2), and Td >
7 (G3). Table 2 shows average peak intensity, mean
Table 2 Average rainfall conditions for different Td groups. Italic values show groups with significantly higher values using a t-test
(p < 0.05)
Rainfall condition groups Peak intensity (mm/h) Mean intensity (mm/h) Duration (h) Antecedent rainfall (mm)
Landslides Debris flows Landslides Debris flows Landslides Debris flows Landslides Debris flows
G1: Td < −7 (n = 19, 16) 71.5 65.6 16.8 13.7 32.6 29.9 79.4 102.0
G2: Td = −7 to 7 (n = 131, 79) 80.7 90.3 21.9 25.9 30.8 32.2 159.3 90.1
G3: Td > 7 (n = 22, 12) 60.4 56.6 18.7 18.1 45.6 46.9 94.7 172.0
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groups.
G2 has the highest peak and mean rainfall intensities for
both landslides and debris flows, and rainfall values tend to
be significantly different from the other groups. Antecedent
rainfall for landslides in G2 is also significantly higher than
other groups. This indicates that G2 is composed primarily
of landslides, with release mechanisms directly related to
hillslope hydrology. Soil moisture content is directly related
to landslide occurrence (Terlien 1998; Wu and Chen 2009),
and high antecedent rainfall elevates moisture content
(Glade 1997; Crosta 1998; Crozier 1999; Glade et al. 2000;
Jakob 2006). Therefore, abundant antecedent rainfall com-
bined with high-intensity rainfall can easily trigger land-
slides, especially around the time of peak rainfall. In
addition, during or just after peak rainfall, high-intensity
rainfall flushes large amounts of debris into rivers, trigger-
ing debris flows. In this case, abundant antecedent rainfall
is not a requirement because debris flows can be triggered
by riverbed material saturated with surface water (Berti
et al. 1999; Coe et al. 2008), not necessarily hillslope mater-
ial saturated with underground soil water.
G3 has the longest rainfall duration for both landslides
and debris flows. Although G3 events are characterized by
low peak and mean rainfall intensities, rainfall durations
are relatively long, resulting in mass movements long after
peak rainfall. Terlien (1998) also showed that when there
is no significant antecedent rainfall and rainfall intensity is
low, a long-duration rainfall event is required to trigger
landslides with high soil moisture content.
According to Table 2, G1 events are associated with
relatively short-duration rainfall, with low peak and mean
rainfall intensities, and low antecedent rainfall, meaning
that mass movements occurred in spite of these condi-
tions. This is an unexpected result; our first assumption
was that mass movements well before the rainfall peak
must reflect abundant antecedent rainfall, which was
found to be invalid. For G1, the role of factors other than
rainfall, such as local topography or geology highly suscep-
tible to mass movements, seems to be more important.
However, the result may also be due to the definition of
antecedent rainfall. Although antecedent rainfall was cal-
culated over a period of 168 h, even earlier rainfall might
have played a key role in triggering the G1 mass move-
ments. Indeed, the definition of antecedent rainfall is adifficult task (Crozier 1999; Glade et al. 2000; Dahal and
Hasegawa 2008), and future research is needed to refine this
definition and further investigate the effect of topographical
and geological factors in triggering mass movements.Conclusions
This study established empirical I–D thresholds for mass
movements in Taiwan from landslide and debris flow data,
and these thresholds were compared with those for other
areas of the world. For short-duration rainfall events,
higher mean rainfall intensities were required to trigger
debris flows, while long-duration rainfall events can trig-
ger both landslides and debris flows with almost the same
rainfall intensity. I–D thresholds for mass movements in
Taiwan tended to be higher than those for other areas, but
the rescaled IMAP–D thresholds (in which rainfall intensity
was rescaled using a MAP of 3000 mm) tended to be
lower. These results reflect the rainfall characteristics of
the region along with the topographic and geological con-
ditions of Taiwan.
This study also demonstrated the importance of peak
rainfall intensity. Most mass movements (74.9 %) oc-
curred within 7 h of peak rainfall. Antecedent rainfall
and saturated hillslope material are also important for
triggering landslides, but antecedent rainfall is less im-
portant in triggering debris flows from river bed mater-
ial. Other events that occurred significantly before or
after peak rainfall may be related to the rainfall duration
and non-meteorological factors such as local topography
and geology. Further studies are necessary to investigate
I–D thresholds and related issues in more detail.
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